ABSTRACT After a pole-to-ground fault occurs in the DC distribution network using low current grounding, the fault pole voltage drops while that of the non-fault pole rises, which is harmful to equipment insulation and operational safety. Therefore, it is necessary to accurately identify and locate faults with protection equipment. In order to solve the pole-to-ground fault in DC distribution networks using low current grounding, the characteristics of different fault current loops are studied. The distributed capacitance discharging loop at the fault pole, the distributed capacitance charging loop at the non-fault pole, and the feeding of system grounding loop current into the fault grounding point current are analyzed. On this basis, a protection criterion for distinguishing the internal fault from the external fault by the amount of transferred charges, which can be calculated based on the transient differential current, is proposed in this paper. The simulation results show that the proposed pole-to-ground fault criterion can reliably identify the fault line while being immune to the influence of transitional resistance.
I. INTRODUCTION
DC distribution is a new type of power distribution technology based on the voltage source type modular multilevel converter (MMC) [1] - [3] . Compared with AC distribution, DC power distribution has many advantages in terms of power supply capacity, quality and reliability [4] - [6] . Up to now, many countries including China have carried out different forms of research on DC distribution theories and relevant demonstration projects. The DC power distribution system is gradually becoming a worldwide hotspot in smart gird research and construction [7] , [8] .
The voltage of the DC distribution network generally ranges from several kilovolts to several tens of kilovolts, mostly in the form of unipolar symmetrical wiring. To ensure the reliability of the system, the low current grounding method is generally adopted at the neutral point of the system [9] , [10] . When a pole-to-ground fault occurs, the fault current is small, and the voltage at the fault pole will decrease to close to zero while that at the non-fault pole will increase
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to about twice of the rated voltage. The rise of voltage at the non-fault pole will cause a large overvoltage in the system, posing a great threat to the safe operation of relevant lines and electrical equipment [11] , [12] . Therefore, it is necessary for the line protection devices of a DC distribution network to accurately identify and locate the pole-to-ground fault and isolate the fault line in time to ensure the operational safety of the system [13] , [14] .
Some research revolving around the protection principles and methods of the pole-to-ground fault in a DC distribution network has been carried out and preliminary results have been achieved. Considering the fault current is too small, a method to identify the pole-to-ground fault by detecting the steady-state leakage current, which will not be affected by the capacitance-to-ground is proposed in [15] , but it requires high precision for the detecting equipment. A method of detecting and identifying the pole-to-ground fault by injecting an alternating current into the line when a fault occurs is proposed in [16] . However, this method is subject to the interference of noise, and additional signal generation and detection equipment will be needed. In [17] , after detecting a fault, the converter sub-modules will send a traveling wave pulse to the line, according to which the line protection equipment can then recognize and locate the fault, but this method requires an additional sub-module pulse control unit, the high accuracy on the pulse signal arrival time, as well as high sampling frequency for the related protection devices.
Given the difficulty in detecting weak fault currents and limitations of the signal injection method, some scholars have also carried out research on fault characteristics and analyzing methods, and have made some achievements. In [18] , a poleto-ground fault identification method by calculating the correlation between currents at the positive and negative poles using the Pearson correlation coefficient is proposed, but its sensitivity can be affected by transitional resistance. In [19] , the short-time energy of the differential current is used to expand difference between the transient characteristics of electrical quantity during an internal fault and those during an external fault, which can achieve the purpose of distinguishing fault lines. However, comparison of the differential currents in every line segment is needed, with additional communication and logic modules for relay protection and the high synchronization of electrical data required. In [20] , the zero-sequence fault network is analyzed under the condition of a medium-voltage DC distribution system with highimpedance grounding or ungrounded neutral points. Based on this, it proposes a fault feeder line location method by calculating the line capacitance-to-ground. The voltage and current of lines within specific frequency bands are needed to calculate the capacitance, increasing the calculation complexity. Literature above indicates that research on the identification and location for the pole-to-ground fault in DC distribution networks is still facing difficulties including high complexity and demanding equipment requirements.
In this paper, the charging and discharging currents of the cable capacitance-to-ground are analyzed, and the difference between the amount of transferred capacitance charges during an internal fault and that during an external fault is studied. On this basis, a protection method for the pole-to-ground fault based on the amount of transferred capacitance charges is proposed. The accuracy and practicability of the method are verified by a DC distribution network model built in PSCAD/EMTDC.
II. TYPICAL STRUCTURE AND CABLE PARAMETER CHARACTERISTICS OF DC DISTRIBUTION NETWORKS A. TYPICAL TOPOLOGY OF DC DISTRIBUTION NETWORKS
Typical DC distribution networks can be divided into the radial type, the ring type and the double-ended type. With a comprehensive consideration of the system reliability, the complexity of operation control and protection configuration, this paper takes the double-ended DC distribution network as an example for analysis. The line between the power supplies at both ends are divided into three sections. The typical system structure is shown in Fig.1 and the basic structure of a MMC converter station is shown in Fig.2 [21] . The results of analysis also apply to other types of DC distribution networks.
In Fig.1 , the DC power distribution system adopts the unipolar symmetrical wiring. The converter adopts the MMC topology of a half bridge submodule; Converter station MMC1 adopts constant active power control and constant reactive power control, while converter station MMC2 adopts constant DC voltage control and constant reactive power control; The current limiting reactor next to the exit of the DC bus is optional based on the actual situation; Taking the operating condition and reliability requirement of DC distribution networks in cities or industrial parks into full account, DC cables are used as transmission lines.
The parameters of the DC power distribution system of the actual project are shown in Table 1 [22] . 
B. NEUTRAL POINT GROUNDING AND CABLE PARAMETERS
In the DC power distribution system using MMC converters, in order to maintain the symmetry of the positive and negative voltages of the DC bus, the grounding point is generally the reference point for zero potential in the system. At present, typical grounding methods used in actual projects mainly include [23] :
(1) DC side grounding: two identical clamping resistors are connected in series between the positive and negative buses, and the system is grounded through the connection point of the two clamping resistors;
(2) AC side grounding: ground through large resistance at the neutral point of the star-shaped transformer winding or through resistance at the parallel star-shaped reactance on the secondary side of the connecting transformers.
The above grounding methods all belong to the low current grounding and the fault current of pole-to-ground fault is small. In this paper, the characteristics of the pole-to-ground fault are analyzed under the condition where the neutral point is grounded through the transformer resistance, as shown in Fig.1 . The analysis results are applicable to other grounding methods.
The cable capacitance is much greater than that of the overhead line. Based on the geometric parameters and physical characteristics of the cable and the overhead line in actual projects, a DC line model is built in PSCAD/EMTDC. The simulation is conducted using the frequency dependent model at 0.001 Hz. The capacitance parameters of the DC cable and the overhead line are calculated, as shown in Table 2 . Comparing the capacitance parameters of the cable line and the overhead line, it can be found that the capacitanceto-ground per unit length of the cable is several tens times higher than that of the overhead line. Therefore, the charging and discharging currents in the cable line in the transient stage after a pole-to-ground fault should be much larger than those in the overhead line.
III. CURRENT CHARACTERISTICS ANALYSIS OF THE POLE-TO-GROUND FAULT
When a pole-to-ground fault occurs on the line, the reference point for zero potential in the DC distribution network is transferred from the neutral point of transformers to the fault grounding point. The fault pole voltage drops, and the nonfault pole voltage rises, while the voltage between the poles remains basically unchanged [18] . With no direct grounding point in the DC system, the pole-to-ground fault current would not be large [19] . However, the change in voltages of the positive and negative lines will cause charging and discharging of the ground cable capacitance. Transient process of the pole-to-ground fault is analyzed below.
In this paper, the direction of the inflow current to the node or the generalized node is determined as the positive direction, as Fig.3 shows. The bus or fault point can be regarded as a node, and the line can be regarded as a generalized node. Taking the positive pole-to-ground fault as an example, the fault current equivalent circuit of a grounding fault is shown in Fig.4 . The three line segments are considered as a unified line because the specific line segment on which the fault occurs does not affect the analysis results in this section.
The fault current at the fault grounding point is mainly composed of the transformer neutral point grounding current, the capacitance-to-ground discharging current at the fault pole and the capacitance-to-ground charging current at the non-fault pole. The current loops are shown by dotted lines x, y, z in Fig.4 . i 1_MMC1 , i 1_MMC2 , i 2_MMC1 , i 2_MMC2 , i 3_MMC1 , and i 3_MMC2 are fault currents in loops x, y, z respectively on the MMC1 and MMC2 sides; C c and L c are respectively the equivalent capacitance and equivalent reactance of the converter bridge arm, which can be calculated by the formula given in [24] . L t is the transformer reactance; C cb−P and C cb−N are the equivalent capacitances of the positive and negative cable lines per unit length; R cb and L cb are the resistance and inductance of the positive and negative cable lines per unit length; x is the total length of the three segments of cable lines; x f −1 and x f −2 are the line lengths from the point of the fault to the exits of MMC1 and MMC2, respectively. The follows are the analysis of each loop current: (1) The corresponding transformer neutral point grounding current to loop x: In normal operation, U dc /2 and −U dc /2, the positive and negative voltages on the DC side respectively are symmetrical. According to the converter modulation principle, U N of the transformer neutral point on the AC side, as the reference point for zero potential in the system, remains at zero. After the positive grounding fault occurs, the reference point will be transferred from the transformer neutral point to the fault grounding point [19] .
Since neutral point grounding resistance R g is much larger than line impedance xR cb , the transformer neutral point voltage will decrease close to negative pole voltage −U dc /2. The steady-state fault current flowing through the neutral points of the connecting transformers on both sides of MMC1 and MMC2 is shown as (1):
According to the grounding resistance parameters provided in Table 1 in Section II, the steady-state fault current provided by the neutral point of transformer i 1 is about 8A, which can be ignored since it's very small. Therefore, loop x can be ignored and the simplified fault circuit is shown in Fig.5 .
In Fig.5 , C MMC is the integrated equivalent capacitance of the upper and lower arms of the MMC stations, whereas L MMC the integrated equivalent reactance [25] .
(2) The corresponding capacitance-to-ground discharging current at the fault pole to loop y in Fig.4 and Fig.5 : When the positive pole is grounded, its voltage will drop and the line capacitance will discharge. The discharging current flows from the line capacitance at the fault pole to the fault ground point. According to the capacitance discharging current formula, capacitance current i 2 is:
u posi is the transient voltage of the positive pole, which will become a steady value close to zero after the transient process. The capacitance discharging current in the positive line can be regarded as positive charges flowing from the positive electrode of the capacitance to the fault ground point. When the positive voltage reaches the steady state, the amount of transferred charges can then be calculated by:
Q 2 is positive, indicating positive charges flow from the line into the fault point.
(3) The corresponding capacitance-to-ground charging current at the non-fault pole to loop z in Fig.4 and Fig.5 : When the positive pole is grounded, the voltage of the negative pole will rise and eventually reach −U dc , which will charge its capacitance-to-ground during this process. The charging current flows from the negative line through the MMC stations to the fault ground point at the positive pole. According to the capacitance discharging current formula, capacitance current i 3 is:
u nega is the transient voltage of the negative pole, which will become a steady state value close to −U dc after the transient process. The capacitance charging current in the positive line can be regarded as positive charges flowing from the negative electrode of the capacitance to the fault ground point. When the negative voltage reaches the steady state, the amount of transferred charges can then be calculated by:
Q 3 being positive indicates that positive charges flow from the line into the fault point.
Based on the fault currents on the MMC1 side and the MMC2 side, after the fault occurs, fault current i f flowing through the fault grounding point is:
i f is in oscillating attenuation. Its transient process is related to the position of the fault point, the line impedance parameters, the current limiter inductance, the converter equivalent capacitance and the inductance, which causes difficulty for a precise expression. However, by leaving fault current i 1 flowing from the neutral points of the connecting transformers aside and integrating the other parts, the amount of charges flowing into the ground fault point can be obtained:
As can be seen from (3), (5) and (7), after the grounding fault reaches the steady state after the transient process, the amount of charges flowing into the fault point is certain, which is only related to the capacitance of the positive and negative cable lines and the line operating voltage.
IV. ANALYSIS OF CHARGE TRANSFER CHARACTERISTICS OF THE INTERNAL AND EXTERNAL FAULTS
Taking the protection of line l 2 as an example, the line can be regarded as a generalized node. The relevant protections are at its M end and N end. In Fig.1, f 1 is the pole-to-ground fault occurring at the positive pole of line l 2 , while f 2 and f 3 of line l 3 and line l 1 . i m and i n are the currents flowing through the protection at two ends of line l 2 .
A. INTERNAL POLE-TO-GROUND FAULT
When the fault f 1 occurs at the positive pole of line l 2 l 2 , the capacitance current flowing path is shown in Fig.6 .
According to the analysis in Section III, currents i m and i n on both sides of the fault pole after the positive fault in line l 2 are composed of its load current and the line capacitance charging and discharging currents in loop y and loop z:
In the (8), the negative sign indicates that the current direction is opposite to the current positive direction; i load is the load current of line l 2 ; i 2_l1 is the capacitance discharging current at the positive pole of line l 1 ; i 3_MMC1 is the capacitance charging current in all negative lines flowing through converter station MMC1 to the fault grounding point; i 2_l3 is the capacitance discharging current at the positive pole of line l 3 ; i 3_MMC2 is the capacitance charging current in all negative lines flowing through converter station MMC2 to the fault grounding point.
Calculate the differential current of line l 2 :
In formula (9), i diff can be regarded as the current flowing into the generalized node of line l 2 ; i 3_l1 , i 3_l2 and i 3_l3 are respectively the capacitance charging currents of the negative sections of lines l 1 , l 2 and l 3 ; i 2_l1 and i 2_l3 are respectively the capacitance discharging currents of the positive sections of lines l 1 and line l 3 .
Integrate differential current i diff when the charging and discharging reach the steady state:
In (10), t is the time from the fault occurs to the line capacitance current decaying to zero; Q nega_(l1+l2+l3) is the amount of capacitance charging charges in all negative lines; Q posi_(l1+l3) is the capacitance discharging charges in the positive sections of lines l 1 and line l 3 .
The DC distribution network model in Fig.1 is used in PSCAD/EMTDC for simulation. At time t 0 , an internal positive pole-to-ground fault occurs on line l 2 since which the integration differential current i diff starts. The calculation result is shown in Fig.7 .
As can be seen from Fig.7 , the calculated amount of charges gradually becomes stable as the integration proceeds, which indicates the completion of capacitance charging and discharging as well as the charge transfer process.
According to (3), (5) and (7), the amount of transferred charges Q is related to the line voltage fluctuation and all the distributed capacitances except the fault pole of the line:
Q being positive suggests that the charges flow into generalized node l 2 . Substitute the values of line length, unit capacitance and voltage parameters into (11), Q ≈ 0.16 C. As shown by the dotted line in Fig.7 , the theoretical calculation result of the charges is the same as the final integration result of the differential current.
B. EXTERNAL POLE-TO-GROUND FAULT
When fault f 2 occurs on the positive sections of external area in line l 3 , the capacitance current flowing through protection installation points M and N is as shown in Fig.8 . As can be seen in Fig.8 , the measured currents i m and i n flowing through the protection at both ends of VOLUME 7, 2019 line l 2 are: (12) In (12), i 2_l1 is the capacitance discharging current in the positive section of line l 1 ; i 2_l2 is the capacitance discharging current in the positive section of line l 2 ; i 3_MMC1 is the capacitance charging current flowing through converter station MMC1 to the fault ground point in all negative lines.
Differential current i diff flowing through line l 2 is:
Integrate differential current i diff :
In (14), t is the time from the fault occurs to the line capacitance current decaying to zero; Q posi_l2 is the amount of capacitance discharging charges of l 2 positive sections, which is a negative value. At time t, the positive grounding fault occurs on line l 3 , integrate i diff and the calculation result is shown in Fig.9 . It can be seen from Fig.9 that as the integration proceeds, the calculated amount of charges gradually becomes stable, which indicates the completion of capacitance charging and discharging as well as the charge transfer process. According to (3), the calculated amount of charges is related to the line voltage and the positive pole distributed capacitance of the protected line l 2 , which is:
Q being negative suggests that the charges flow out of generalized node l 2 . Substitute the values of line length, unit capacitance and voltage parameters into (15) , Q ≈ −0.03. Fig.9 shows that the theoretical calculation result of the charges is the same as the final integration result of the differential current.
When the external pole-to-ground fault f 3 occurs on line l 1 , the integration result of the differential current is the same as the fault analysis result of line l 3 :
The result is still the negative of the capacitance discharging charges of l 2 positive sections. At time t, the positive grounding fault occurs in line l 1 . Integrate i diff with time t, and the calculation result is shown in Fig.10 . Fig.10 shows that as the integration proceeds, the calculated amount of charges gradually becomes stable, which indicates the completion of capacitance charging and discharging as well as the charge transfer process. According to (3), the calculated amount of charges is related to the line voltage and the positive pole distributed capacitance of the protected line l 2 , which is:
Q being negative suggests that the charges flow out of generalized node l 2 . Take The line length, unit capacitance and voltage parameters into the formula, Q ≈ 0.03. Fig.10 shows that the theoretical calculation result of the charges is the same as the final integration result of the differential current.
Based on the above analysis, it can be seen that when the pole-to-ground fault is internal, the amount of transferred charges calculated by integrating the differential current is the sum of the capacitance charging charges at the non-fault poles of all lines and the capacitance discharging charges at the fault pole of the external line; When the pole-to-ground fault is external, the amount of transferred charges is the negative value of the distributed capacitance discharging charges at the fault pole of the internal line. The two amounts differ widely, and therefore can distinguish the internal fault from the external fault in DC lines. This conclusion is also applicable to DC distribution networks of other topology types.
V. PROTECTION METHOD FOR THE POLE-TO-GROUND FAULT A. INITIATION CRITERION OF PROTECTION
Since the voltage at the fault pole will decrease to close to zero in a short time after a fault, the line voltage change can function as the protection start element:
u is the voltage variation at the positive or negative pole, which can be obtained by calculating the difference between two sample voltages during a certain time interval. In this paper, u is calculated by subtracting the voltage value 3 ms before from the current voltage value. U n is the rated line voltage; K rel is the reliability coefficient and its value ranges from 0.2 to 0.5. When the above criterion has been met 3-6 times, the protection starts, and the time is the fault occurrence time.
B. FAULT-POLE IDENTIFICATION CRITERION
According to the voltage fluctuation during a pole-to-ground fault, the fault pole can be identified by the criterion in reference [26] :
positive pole grounding fault : k < 1 k set negative pole grounding fault : k > k set (20) u P and u N are the DC voltages of the positive and negative poles respectively; k is the ratio between the positive voltage and the negative voltage; k set is the setting value for the fault pole selection criterion. Set k set more than 2 to meet the reliability requirements. This article only discusses the case of the pole-to-ground fault, so the identifying method of pole-to-pole fault will not be included.
C. IDENTIFICATION CRITERION FOR INTERNAL FAULTS AND EXTERNAL FAULTS
According to the analysis on the differential current and the amount of transferred charges in Section III and Section IV, it can be concluded that the amount of transferred charges can be used to distinguish different grounding faults. In this paper, the amount of transferred charges is obtained by integrating the differential currents at the positive and negative poles to identify the fault, as shown in (21) . The identification criterion for the internal fault is based on the amount of charges, as shown in (22):
Q t ≥ Q set : Internal fault (22) In this formula, i diff is the differential current of line l 2 ; Q t is the integrated value of the differential current, which is the amount of transferred charges; t 0 is the starting time of protection; t is the integration time after the protection starts; Q set is the threshold of the fault identification criterion which is set to half the total of transferred charges after both an internal fault and an external fault, which is:
In (23), C cb is the line capacitance per unit length; U dc /2 is the DC line voltage variation. As can be seen, the setting value Q set is the amount of capacitance charging charges in non-fault lines.
VI. SIMULATION AND VERIFICATION A. SIMULATION RESULTS
The DC power distribution system shown in Fig.1 is built in PSCAD/EMTDC. The length of lines l 1 , l 2 and l 3 is 5 km. DC cables are used as the transmission line, simulated by frequency dependent model.
Set the fault to occur at 1.3 s; The data sampling frequency is 5 kHz; Reliability coefficient K rel of the initiation criterion is 0.2; The setting value of the fault-pole identification criterion k set is 2; Setting value Q set is obtained by substituting the line parameters into (23) , and the value is 0.09 C; In order to get a fixed result, integration time t is set to 20 ms. Set the l 2 internal positive pole grounding fault at f 1 , and the calculation results are as shown in Fig.11 . The dotted lines are the thresholds of the initiation criterion, the fault pole identification criterion and the fault identification criterion. As can be seen from Fig.11 , when there is an internal positive pole grounding fault, initiation criterion u >2kV, and the protection starts; fault-pole identification criterion k < 0.5, suggesting that there is a pole-to-ground fault at the positive pole; At time 1.320 s, fault identification criterion Q t > 0.09C, indicating that the fault is an internal one. Set the external positive grounding fault in line l 3 at f 2 , and the results are as shown in Fig.12 .
As can be seen from Fig.12 , when there is an external positive grounding fault, initiation criterion u > 2kV , and the protection starts; fault-pole identification criterion k < 0.5, suggesting that there is a pole-to-ground fault at the positive pole; At time 1.320 s, fault identification criterion Q t < 0.09C, indicating that the fault is an external one.
The sign of the distributed capacitance value at the positive pole is positive, which is opposite to that of the negative pole, indicating opposite directions of the corresponding capacitance currents, but the analysis method for the fault current and charge transfer is the same as that in Section IV. Therefore, the positive current direction of the negative line can be set as flowing out of the node or generalized node, which can ensure that the same setting value of the identification criterion when applied to both the positive pole and the negative pole.
Set the external negative pole-to-ground fault at f 3 on line l 1 and the results are as shown in Fig.13 .
As can be seen from Fig.13 , when there is an external negative grounding fault in l 1 , initiation criterion u > 2kV , and the protection starts; fault-pole identification criterion k >2, suggesting that there is a pole-to-ground fault at the negative pole; At time 1.320 s, fault identification criterion Q t < 0.09C, indicating that the fault is an external one.
In order to verify the applicability of the protection method to faults with transitional resistance, lots of simulations have been carried out under different conditions in terms of the fault pole, fault position and transitional resistance. The simulation results are shown in Table 3 .
The simulation results from Fig.11, Fig.12 , Fig.13 and Table 3 show that the protection criterion based on the transferred charges of the differential current can reliably distinguish the internal fault from the external fault, and locate the fault effectively and accurately when a transitional resistance grounding fault occurs.
B. APPLICABILITY TO OVERHEAD LINES
From the parameter comparison in Section II, we can see that the capacitance-to-ground parameters of overhead lines is much smaller than those of cable lines, which is determined by the line structure and material. In order to verify the applicability of the protection algorithm when the overhead lines are adopted in DC distribution networks, the internal and external positive grounding faults are simulated, as shown in Fig.14 . Fig.14 shows that the amount of transferred charges is close to zero when the system is in normal operation, and when a fault occurs, it rises or falls. The amount of the line capacitance transferred charges is smaller than that of the cable line. The amount of transferred charges is about 0.002 C after an internal fault and about −0.0004 C after an external fault. the difference in terms of amount is still obvious.
As long as the measuring elements of protection devices are precise enough, the protection principle proposed in this paper is also applicable to overhead lines
VII. CONCLUSION
By analyzing the transient characteristics of the pole-toground fault in cable lines in the DC distribution network, the line capacitance transferred charges calculated according to the line differential current can represent the difference between the internal fault and the external fault. Based on this, the protection criterion for the pole-to-ground fault in DC distribution networks based on capacitance transferred charges is proposed. The conclusions are as follows:
(1) After a pole-to-ground fault, the fault current is mainly composed of the capacitance-to-ground charging and discharging currents of the positive and negative lines and the fault loop current of the system grounding point;
(2) Calculate the amount of the line capacitance transferred charge based on the transient differential current. In the case of an internal fault, the amount of line transferred charges calculated by integrating the differential current is the sum of the capacitance charging charges at the non-fault pole of all lines and the capacitance discharging charges at the fault pole of the external line; In the case of an external fault, the amount of line transferred charges is the negative value of the line capacitance discharging charges of the protected internal line. The difference between the two values is obvious; (3) The protection principle can distinguish the internal fault from the external fault and will not be affected by the fault transitional resistance; (4) The protection criterion is easy to set with a definite method, so the usually needed DC line simulation can be saved.
